We propose a simple approach to measure the energy of the few-eV isomeric state in 229 Th. To this end, 233 U nuclei are doped into VUV-transparent crystals, where they undergo alpha decay into 229 Th, and, with a probability of 2 %, populate the isomeric state. These 229m Th nuclei may decay into the nuclear ground state under emission of the sought-after VUV gamma, whose wavelength can be determined with a spectrometer.
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Based on measurements of the optical transmission of 238 U:CaF2 crystals in the VUV range, we expect a signal at least 2 orders of magnitude larger compared to current schemes using surfaceimplantation of recoil nuclei. The signal background is dominated by Cherenkov radiation induced by beta decays of the thorium decay chain. We estimate that, even if the isomer undergoes radiative de-excitation with a probability of only 0.1%, the VUV gamma can be detected within a reasonable measurement time. The nucleus of 229 Th is believed to possess an extremely low-lying excited nuclear state with an energy of only a few eV [1] [2] [3] [4] [5] . The notion of applying wellestablished techniques of optical laser spectroscopy to this nuclear system has encouraged a great number of proposals for possible applications [6] [7] [8] [9] [10] [11] [12] , among them the development of a nuclear optical clock [7, 11, 13] .
Beginning in the 1970s, a series of gamma spectroscopy measurements with ever increasing performance used a differencing scheme to determine the energy of the J P [N n z Λ] = 3/2 + [631] isomeric state in an indirect way. The latest measurement places the energy at 7.8(5) eV above the 5/2 + [633] ground state [5, 14] , corresponding to a transition wavelength of 160(10) nm. Predictions of the lifetime of the unperturbed isomeric state range between a few minutes and a few hours [4, 15, 16] , where a value of around 1000 s for a bare nucleus is the most commonly used estimate.
A logical next step in refining the transition wavelength, as well as demonstrating the optical addressibility of this nuclear two-level system, would be optical spectroscopy employing synchrotron radiation on 229 Th nuclei doped into, or adsorbed onto [17, 18] , vacuum ultraviolet (VUV)-transparent crystals. Such crystals allow one to place 10 16 nuclei into the excitation beam, compared to a maximum number of 10 6 particles in an ion trap [19, 20] .
The approach of direct optical excitation faces a number of severe challenges: (1) The quantity of 229 Th (halflife t 1/2 = 7932(55) a [21] ) available for research is very limited, and growing crystals with high Th doping concentrations is a challenge [17] . (2) Both the lifetime and the energy of the isomeric state are known only with large uncertainties [5, 17, 22] , requiring an extensive twodimensional search. ( 3) The choice of sufficiently tunable light sources in the VUV range is essentially limited to synchrotrons, where beam time is precious, yet the spectral power is some 11 orders of magnitude smaller compared to diode lasers in the visible range. (4) Photoluminescence in response to the excitation light can persist for long times, potentially masking the nuclear signal [23] . (5) De-excitation of the isomeric state may proceed on parasitic pathways such as internal conversion (IC) and coupling to electronic states and phonons of the crystal, potentially suppressing the optical de-excitation altogether [17, 18, [24] [25] [26] .
The first four of these five challenges can be circumvented by an alternative approach to populate the isomeric state, namely through alpha decay 233 U → 229m Th. Following a cascade of gamma transitions, about 2% of the 229 Th nuclei end up in the isomeric state [27] . In the absence of competing decay channels, these nuclei will eventually de-excite into the nuclear ground state under emission of the sought-after VUV gamma. The wavelength of this gamma can be measured with a spectrometer. Such a spectroscopy experiment could reduce the present uncertainty in the transition wavelength to a degree that would allow one to commence laser spectroscopy.
A number of experiments using 233 U recoils have already been performed [28] [29] [30] [31] [32] [33] [34] , at least two are currently ongoing [35] [36] [37] [38] . These experiments are designed such that the detection is well-separated in both space and time from the population of the isomer, as the latter process is accompanied by radioactivity and the associated radioluminescence. Commonly, a thin sample of 233 U is brought into the vicinity of a UV-transparent crystal (e.g. MgF 2 or CaF 2 ), such that 229 Th recoil nuclei may leave the surface of the 233 U source plate and deposit onto, or penetrate slightly into, the absorber plate.
In this Letter, we investigate an alternative approach, briefly mentioned already in Ref. [39] :
233 U-doped crystals as a source of nuclear VUV gamma emission. The gamma flux of such crystals may be many hundred times larger compared to surface-implanted 229 Th recoils, but the radioactive decay 233 U → 229m Th and the isomer gamma emission 229m Th → 229g Th are separated in neither space nor time. This strategy seems futile at first sight, as an enormous radioluminescence background is introduced into the detection volume. We will show, however, that radioluminescence caused by 233 U alpha decay does not overlap with the anticipated wavelength range around 160 nm. Working towards the interpretation of optical spectra, we find that contaminations of the crystal can generate spectrally narrow features in the UV range, easily misinterpreted as the nuclear isomer signal.
A bright source of 229m Th -A number of current experiments use thin foils of 233 U, often in the form of UO 2 , as a source of 229 Th nuclei. An energy of Q α = 4.91 MeV is released upon the α-decay of 233 U [40] , where the 229 Th nucleus obtains a recoil energy of up to 84 keV. A Th ion of this kinetic energy has a penetration depth of about 15 nm in UO 2 , so if the event occurs close to the surface, and the direction of propagation leads towards the surface, then the Th ion might leave the substrate. The Th ion is caught on a large-bandgap absorber plate. After a certain time of accumulation, the absorber crystal is moved into a detector. This approach thus allows to separate the 233 U alpha decay and the detection of the VUV gamma in both space and time.
This method, however, has two severe limitations: At first, the flux of 229 Th nuclei that can be implanted into the absorber plate is intrinsically limited by the small range of 229 Th recoils in the UO 2 material, and the comparatively long half-life of the 233 U isotope. The maximum flux of isomeric 229m Th recoil nuclei per unit surface is
where ρ UO2 is the density of the UO 2 and M UO2 its molar mass, t 1/2 = 159 200 a the half-life of 233 U, ≈ 15 nm the range of 84-keV recoil ions, and N A is Avogardro's constant. The geometrical factor C = 1/4 acounts for the fraction of nuclei up to a depth of that reach the absorber plate, and R is the probability of radiative deexcitation. For R = 1 and a branching ratio of B = 2 %, the maximum gamma emission rate is Φ γ ≈ 26/(s×cm 2 ). The second experimental limitation stems from the fact that the penetration of the 229 Th ions into the absorber plate is also only a few 10 nm. Depending on the surface roughness and cleanliness, the recoil ions might be stopped before reaching the true crystal bulk structure. The band gap of the surface region of the crystal might be smaller than the energy of the isomeric state, allowing it to de-excite via electronic states [24, 25] .
To overcome these two limitations, we here follow a different approach: Doping the 233 U directly into a suitable crystal will allow to increase the production rate of Th recoil ions, and the Th ions will be born directly into the bulk of the lattice. The flux of isomer gammas that can be extracted from the crystal is intrinsically limited by the optical absorption of uranium defect centers in the crystal. As we will show later, the optical absorption length is equal to ξ U (λ)/n U , where n U is the uranium doping concentration (in terms of uranium nuclei per crystal unit cell) and ξ U (λ) is a wavelength-dependent material constant. The isomer gamma flux reads
where M crystal denotes the molar mass of a crystal unit cell. Assuming R = 1 and the crystal thickness d to exceed the absorption length, d ξ U (λ)/n U , we obtain Φ γ ≈ 4200/(s × cm 2 ) for 233 U:CaF 2 [41] . Note that this approach allows for continuous signal integration and does not require knowledge of the isomer lifetime.
To validate our approach, we will now quantify the optical transmission and measure the radioluminecence spectrum of our crystal of choice, which is U:CaF 2 .
Transparency of U:CaF 2 in the UV -Although U:CaF 2 is widely used as a laser material, transmission curves in the UV spectral range have not been available so far [42, 43] . We use an in-house furnace to produce a set of U:CaF 2 crystals with doping concentrations between n U = 4.9 × 10 −5 and 2.0 × 10 −3 , corresponding to uranium densities of 1.2 × 10 18 cm −3 to 4.9 × 10 19 cm −3 , where we assume a crystal unit cell to be formed by one Ca and two F ions. Due to the radioactivity of 233 U and its limited availability, we use depleted 238 U as a chemically identical proxy of 233 U for the studies presented here. The crystals have a ruby red color, indicating that the uranium atoms are in the trivalent state [43] . The crystals are cut and polished into discs of a few mm thickness and 17 mm diameter.
Transmission measurements are performed with a VUV spectrometer held at a pressure of 2 × 10 −6 mbar, where a deuterium lamp is used for calibration and to generate the probe light. Figure 1 shows the transmission curve of a crystal with thickness d = 4.1 mm and doping concentration n U = 5 × 10 −5 . We model the transmission as
where a describes losses at the crystal surfaces, ξ crystal (λ) accounts for the absorption of an undoped crystal, and ξ U (λ) describes the additional absorption due to the uranium doping. We find that the wavelength-dependent absorption coefficient ξ U (λ) is independent of the doping concentration for values of 5×10 −5 < n U < 2×10 −3 : the absorption length scales inversely proportional with n U . For a wavelength of 160 nm, we measure ξ U (160 nm) = 6.3(8)×10
−5 cm. It is encouraging to find that this value is 40 times larger than its equivalent quantity in the approach of recoil implantation.
Radioluminescence of U:CaF 2 -A 238 U:CaF 2 crystal with an alpha activity of 1.9 Bq is placed in front of a Cs-Te PMT (sensitivity range 115 to 320 nm). We record the emission of characteristic bursts of photons, where the rate of the bursts corresponds to the alpha activity of the 238 U. Each burst lasts for a few µs and contains some 10 5 photons [23] . We use a bin width of 10 ms and plot the number of counts per bin in a histogram, shown in Fig. 2 . A prominent feature around 120 counts is observed; this feature is associated with the alpha decay of 238 U into 234 Th. This isotope quickly decays into 234 U (half-life 245 000 a) via two beta decays; these beta decays are reflected in the hump at about 10 counts.
The radioluminescence emission rate R is temperature-dependent [44] . We measure a near-linear dependence R(T ) = (1 − c (T − T 0 )) R(T 0 ) between 10 and 80
• C, and obtain a slope of c = 0.0107
Mild heating from room temperature to 80
• C thus reduces the radioluminescence already by a factor of almost four. From this characteristic temperature-dependence [44] , as well as the signature histograms discussed above, we conclude that the radioluminescence properties of U:CaF 2 are governed entirely by the general properties of CaF 2 and are not determined by the uranium doping.
The half-life of 238 U is too long, and the light throughput of optical spectrometers too small, to obtain a radioluminescence spectrum from 238 U: thickness 5 mm). The 233 U had been deposited onto a steel backing using electro-deposition [45] , the layer has a diameter of 22 mm, a thickness of about 15 µm, and an activity of 7.5 MBq (1500-times larger compared to the 229 Th:CaF 2 crystals used in a related study [23] ). Note that only the top 15 nm of the uranium layer give a flux of Th recoil ions into the CaF 2 sample, but the entire thickness contributes α-and γ-particles.
This stack is placed into the spectrometer. The luminescence spectrum, obtained after an integration time of 50 hours is shown in Fig. 3 . The spectrum can be decomposed into two parts: the scintillation of CaF 2 around 280 nm [23] , and Cherenkov radiation below 200 nm. The spectral shape and amplitude of the scintillation feature depend on the specific type of crystal [41] . In CaF 2 , it extends down to 220 nm. This finding is very promising, as the scintillation is spectrally far away from the expected isomer wavelength at 160 nm. The scintillation is caused primarily by alpha particles penetrating the crystal up to a depth of about 15 µm. [41] .
The broad spectral component between 120 and 200 nm is attributed to Cherenkov light, caused by beta decay of 228 Th and 229 Th daughters. The cut-off at low wavelengths coincides the lower transmission edge of the CaF 2 crystal. The Cherenkov light is intrinsically broad and will constitute a locally flat background in the search for the spectrally very narrow isomer signal. Chemical purification of the 233 U material prior to crystal fabrication can reduce the Cherenkov light substantially [41] . Note that the amplitude of Cherenkov radiation is proportional to the ingrowth of 228 Th and 229 Th; this dependence is exactly the same for doped and surface-implanted ions. The signal-to-background ratio of these two approaches is thus identical and depends only on the degree of 232 U contamination and on the time elapsed since the last chemical removal of thorium ingrowth from the 233 U source material. sion of 1.9 × 10 −3 Cherenkov photons within a 1.0-nm wavelength window around 160 nm for every 233 U decay [41] . This number needs to be compared to the probability R × B of VUV gamma emission. Assuming R = 1%, B = 2%, Φ γ = 4200/(s × cm 2 ) and parameters of a standard VUV spectrometer, 1.5 days of measurement time are required for the isomer signal to exceed the noise of the background [41] .
Spectrally narrow features -While Cherenkov radiation is intrinsically free of narrow features, crystal contaminations could potentially cause spectrally narrow luminescence. To probe for such disturbing signals, we subject various CaF 2 samples to intense gamma radiation inside a shut-down nuclear reactor for 16 hours, and measure their luminescence spectra afterwards.
The emission of one specific commercial CaF 2 specimen is shown in Fig. 4 (a) . On top of a spectrally broad background, we observe two narrow features, the dominant one being located at 312 nm. We monitor the amplitude of this narrow feature over time, and find an exponential decay with a time constant of τ = 3.1(1) hours (right inset of Fig. 4 (a) ). The decay of the broad background proceeds on a very similar timescale. The spectral width of this feature is measured to be 2.05 nm (left inset), largely limited by the instrumental resolution (red dashed line). Subtracting the signal width and the experimental resolution in quadratures, we obtain a natural linewidth of below 1.2 nm.
The appearence of narrow and long-lived features in the luminescence spectrum of crystals is striking, as typical crystal defects show broad features of typically 10 nm width, and a much faster, non-exponential decay. We attribute the observed feature to crystal contamination with Gd 3+ ions, which show narrow emission at a wavelength of 312 nm [46] . We speculate that crystal defects induced by the gamma radiation slowly transfer their energy onto Gd 3+ ions, which radiate on a narrow transition. The same narrow feature can be provoked by illumination with a deuterium lamp [23] ; see Fig. 4 
(b).
Many current experiments search for a spectrally narrow feature with a lifetime on the order of an hour, and use both the linewidth and lifetime to discriminate the isomer signal from the crystal luminescence background. As shown above, contaminations of the crystal can easily be mistaken for the sought-after signal. This pitfall can be circumvented by performing the experiment with different types of crystals. Experiments building on the 233 U → 229m Th approach could perform reference measurements with 234 U, which is very similar to 233 U in terms of half-life (245 000 a vs 160 000 a), Q α (4.86 MeV vs 4.91 MeV), and half-life of the first daughter nuclei (75 000 a vs 7932 a).
To conclude, we proposed a new method to detect and measure the VUV isomer gamma of 229 Th in consequence of 233 U alpha decay in VUV-transparent crystals. We found that radioluminescence induced by the alpha decay is spectrally separated from the expected isomer wavelength region. This region, however, is covered by Cherenkov radiation, induced predominantly by the beta decay of 228 Th and 229 Th daughters. The flux of isomer gammas extracted from the crystal is so large that, even if the probability of radiative de-excitation of the isomer is only 1%, the signal can be discriminated from the broad Cherenkov radiation after a spectroscopy measurement time of only a few days.
We thank J. Schwestka, V. Schauer, and V. Rosecker for preparation of uranium samples. We greatly appreciate fruitful discussions with E. Peik, L. von der Wense, and P. G. Thirolf. This work has received funding from the ERC project 258604-NAC and from the European Union's Horizon 2020 research and innovation programme under grant agreement No 664732 "nuClock". The isomer transition is expected at a wavelength of 160(10) nm, where our approach of 233 U-doped crystals is sensitive to the wavelength region between the UV transparency cutoff (125 nm for CaF 2 ) and the onset of the dominant scintillation features (220 nm in CaF 2 , 380 nm in MgF 2 ). This spectral region is covered by Cherenkov radiation; see Fig. 3 . The spectral shape of Cherenkov emission is essentially a convolution of the crystal's transmission, given by ξ(λ), and its refractive index n(λ), both of which change very smoothly with wavelength. Its amplitude is independent of the specific details of the crystal structure. Cherenkov radiation thus poses a locally homogeneous background rather than a sharp peak that could interfere with the sought-after isomeric signal.
Cherenkov radiation is caused by charged particles (in our case, electrons) travelling through the crystal at velocities v larger than the speed of light in the medium, v > c/n(λ), where n(λ) is the wavelength-dependent index of refraction. In CaF 2 , we find n(160 nm) = 1.55. The minimum threshold energy required for electrons to emit Cherenkov radiation is
with the electron rest mass m e and the relativistic parameter γ = 1/ 1 − β 2 . Here, β = v/c = 1/n(λ), and we obtain a minimum energy E e,min of 158 keV. Very similar values are obtained for other types of crystals. The spectrum of the Cherenkov radiation is well described by the Frank-Tamm formula [47] ,
where dN ph is the number of Cherenkov photons emitted in the wavelength range dλ while the electron travels the elementary path dx in the medium. v is the speed of the electron, and α = e 2 /( c) 1/137. To obtain the total number of photons emitted, it is necessary to integrate over the path of the electron. Expressing the path x in terms of the instant kinetic energy E e , the integration reads
Ee,min
where E e,0 is the initial energy of an electron. This calculation is straigforward using tabulated values of electron ranges e (E e,0 ) in CaF 2 [48] and the correspondence x(E) = e (E e,0 ) − e (E).
B. Origin of Cherenkov radiation and yield of various processes
Electrons of large enough energy may originate from the following processes: (i) β − decay with sufficiently large energy Q β released, (ii) highly energetic conversion electrons (CE) accompanying radioactive transformation of nuclei, and (iii) highly energetic gammas, which interact with the crystal via the photoelectric effect (predominantly below 100 keV), Compton scattering (100 keV to 10 MeV) and pair production (above 10 MeV). We will now look at these processes more closely and estimate the yield of Cherenkov radiation.
(i) β-electrons are characterized by a continuous energy spectrum, which may be described by the Fermi law [49] dN β dE e,0
(E e,0 ) = C F (z, E e,0 ) E 2 e,0 + 2E e,0 m e c 2 ×
where C is a normalization constant and z is the atomic number of the daughter nucleus. The Fermi function F (z, E e,0 ) describes the Coulomb interaction between the emitted electron and the nucleus; see Ref. [49] for an explicit expression. The average Cherenkov yield of β-electrons obtained in a decay with end-point energy Q β is given by
where dN ph dλ (E e,0 ) is given by Eq. S3.
(ii) Conversion electrons are characterized by their discrete energy spectrum. Therefore, their yield may be calculated directly by formula S3.
(iii) High-energy gammas accompanying radioactive decay of nuclei may produce secondary high energetic electrons via Compton scattering, photoabsorbtion, and pair production. In the experiment considered here, the most energetic gammas are below 3 MeV in energy. On the other hand, gammas with energy below E e,min = 158 keV cannot produce electrons of sufficiently high energy to contribute to the Cherenkov radiation. The most efficient scattering process between a few 100 keV and a few MeV, and the only one considered here, is Compton scattering.
The energy E e,0 of a scattered electron is connected with the energy E γ of the incident gamma and the scattering angle θ as
To find the minimum gamma energy E γ required to generate an electron with energy E e,min = 158 keV (at the threshold to emit Cherenkov radiation), we set θ = 180
• and obtain E γ,min = 295 keV.
The differential cross section of Compton scattering into the elementary energy of the scattered electron may be given with help of the Klein-Nishina differential crosssection into the elementary solid angle and relation S6 between the scattering angle and the energy of the scattered electron. The cross section reads
where r e = e 2 /(m e c 2 ) is the classical electron radius, and E γ = E γ − E e,0 is the energy of the scattered gamma.
The range of high-energy gammas in the crystal medium is much larger than the actual size of our crystals. For example, the probability of a 300 keV gamma to interact with the CaF 2 crystal over a path of 5 mm length is only about 15 %; this value is even smaller for gammas of higher energy [50] . This fact allows us to neglect the attenuation of gammas, as well as the interaction of scattered gammas with the medium. Assuming a path length of γ = 5 mm in the crystal, we estimate the average yield of a single gamma with energy E γ born in the crystal as
where E e,max (E γ ) is given by Eq. S6 at θ = 180
• . The Cherenkov yields of the three different processes discussed above are compared in Fig. S1 .
C. Ingrowth of daughters and contamination with 232 U
The Cherenkov radiation shown in Fig. 3 233 Pa β → 233 U. Depending on the details of the breeding process, the 233 U contains non-negligible amounts of 232 U as a by-product of the neutron irradiation. The short half-life of 232 U (70.6 a) and its first daughter 228 Th (1.9 a) lead to a high activity of the entire chain, which includes strong gamma emission. Unlike the 233 U chain, which "pauses" at 229 Th for nearly 8000 years, the 232 U chain proceeds down to the stable 208 Pb on timescales comparable to the duration of the experiment.
Using gamma spectroscopy, the content of 232 U in the 233 U plate source used here has been determined to 11.6(1.0) ppm. At this level, the gamma radiation of the 232 U chain clearly dominates over the 233 U chain, the same is true for beta decays. It is thus important that the spectroscopy experiment proposed in the main text be carried out with 233 U material almost free of 232 U.
II. REALISTIC PARAMETERS FOR A SPECTROSCOPY EXPERIMENT
We will now attempt to model a future spectroscopy experiment. We assume a 233 U:CaF 2 crystal of density ρ CaF2 = 3.18 g/cm 3 , thickness d = 5 mm and 233 U doping concentration n U = 5×10 −4 ; such concentrations can easily be achieved. Note that here and in the main text, n U denotes the amount of uranium ions per crystal unit cell, where, for simplicity, we assume a unit cell to contain one Ca ion and two F ions, M CaF2 = 78.075 g/mol. The crystallographic unit cell would contain four Ca ions and eight F ions. Further, we assume the contamination of 232 U to be C 232 = 10 ppm, and we assume that t = 100 days have elapsed since the last removal of thorium (both 228 Th and 229 Th) from the source. The 228 Th and 229 Th chains are in secular equilibrium. Such a crystal of 10 × 5 × 2 mm 3 would have a 233 U activity of 170 kBq (identical to the source used in Ref. [35] ) plus 4 kBq from the 232 U chain. The crystal absorption parameter is taken as ξ U (160 nm) = 6.3 × 10 −5 cm. Concerning the experimental set-up, we consider a standard VUV spectrometer, where the crystal is imaged onto the entrance slit of the spectrometer using 1:1 imaging optics with a solid angle coverage of 0.14% (e.g. f /2 = 200 mm, mirror diameter D = 30 mm) and a mirror reflectivity in the UV of 80%. The entrance slit has a height h of 8 mm and a width w of 330 µm, and is imaged onto the detector with a concave grating. The grating is assumed to have a diffraction efficiency of 20%, and the quantum efficiency of the detector is 30%. The total detection efficiency as the product of solid angle, mirror reflectivity, and grating and detector efficiency, is D = 6.7 × 10 −5 . A CCD camera allows to continuously measure the entire spectral region of interest. A grating with 1200 grooves/mm translates the 330 µm slit width to 1.0 nm spectral width. The spectrum, captured by a standard CCD detector (8 mm height, 30 mm width), would cover 90 nm, conveniently matching the window between the CaF 2 transparency cut-off at 130 nm and the onset of alpha-radiation induced radioluminescence at 220 nm.
A. Signal amplitude
The expression for the flux Φ γ given in the main text (Eq. 2) relies on a number of simplifications. We will show now that these simplifications are justified for reasonable parameters. At first, the factor ξ U stems from an integration over all sources of isomer gammas,
where we assume n U to be constant across the sample. For d = ∞, the integration yields exactly ξ U (λ). For the parameters chosen above, the integral is 0.981 ξ U (λ), and more generally, the approximation is justified for n U d/ξ U (λ) 1. Secondly, the integral is only one-dimensional, assuming all VUV gammas to propagate perpendicular to the crystal surface. In correct terms, the expression of Eq. 2 in the main text would read
which would give a maximum flux of dΦ γ /dΩ(ϑ = 0) = 340/(s × cm 2 × srad). This geometric simplification is certainly justified, as we consider light collection optics placed far away from the crystal, capturing only photons within a small solid angle. For the parameters given above, the largest deviation from normal incidence is ϑ = 4.3
• . As a third simplification, we assume that light absorption is dominated by the uranium content and not by the absorption of the CaF 2 crystal itself. In this way, the expression in Eq. 2 becomes independent of the doping concentration n U and crystal thickness d.
By far the largest uncertainty in Φ γ stems from the uncertainty in the probability B to populate the isomer and the unknown magnitude of competing non-radiative decay channels. The possibility of non-radiative decay is captured in the quantity R, which denotes the probability of radiative decay. Using a values of B = 2% and R = 1, we obtain Φ γ = 4200/(s × cm 2 ). The rate of isomer gammas at the detector is
and we obtain Φ γ = 0.0075 s −1 for the experimetal specifications stated above.
In the following, we will compare this signal amplitude to various sources of background noise.
B. Cherenkov radiation from
233 U gammas
The alpha decay of 233 U is accompanied by only very few conversion electrons and gammas of sufficiently high energy to generate Cherenkov light; see Tabs. SI and SII. Using the models derived in Sec. I, we calculate that in total, there are on average only N 233 = 2.6 × 10
−6
Cherenkov photons emitted into a 1-nm interval at λ = 160 nm per disintegration of 233 U. Comparing the emission of Cherenkov photons and isomer gammas,
we find that for values R > 10 −4 , the number of emitted isomer gammas exceeds the number of Cherenkov photons.
C. Cherenkov radiation from beta decay in the 229 Th chain
There are four beta decays in the decay chain of 233 U, one of which constitutes only a weak decay channel. From the ENSDF database [51] , we extract the probability and released energy Q β ; see Tab. SIII. All of the values of Q β are above E e,min = 158 keV.
Next, we use the ESTAR values provided by NIST [48] to calculate the path lengths of the electrons in CaF 2 . Employing the continuous slowing-down approximation (CSDA), we obtain exemplary path lengths s of s(300 keV) = 0.33 mm, s(1 MeV) = 1.7 mm, and s(2 MeV) = 3.8 mm. As a conservative simplification, we will assume that all electron paths are contained within the crystal.
We then employ Eq. S5 to calculate the average number of Cherenkov photons within a 1-nm spectral window around 160 nm, created along the entire chain of 229 Th daughters. We find that 100 decays of 229 Th are accompanied by the creation of 40 Cherenkov photons in the wavelength region of interest. As a next step, we go through the entire decay chain of 229 Th down to 205 Tl and, for each of the 10 decay steps, extract the gamma emission lines with energies above E γ,min = 295 keV. Table SIV lists all such gamma lines that have a probability of more than 0.1% to appear in succession to a disintegration of 229 Th. Only one gamma transition, located at 440.4 keV, has a probability of more than a few percent. While we listed only transitions with probabilities above 0.1% here, we checked that a summation over all the weaker transitions, as they appear e.g. in the decay of 225 Ac, can safely be neglected. An equivalent search is performed for conversion electrons (not listed here). We estimate the total contribution of conversion and Compton electrons to the Cherenkov radiation background to be at the level of 0.74 and 0.15 photons per nm per 100
229 Th decays.
The Cherenkov photons are identical to the isomer gammas in wavelength, location of origin, and propagation to the detector. The ratio between the emission rates of Cherenkov photons vs isomer gammas for a decay of 233 U reads
Here, λ = ln(2)/t 1/2 is the decay constant. For B = 2 %, R = 1, N 229 = 0.41 Cherenkov photons in the wavelength region of interest, and a time of t = 100 days allowed for the ingrowth of 229 Th, we obtain a value of 4.9 × 10 −4 .
E. Cherenkov radiation from 232 U contamination
The production of 233 U is plagued by the parasitic appearance of 232 U. Even for contaminations at the ppm level, the activity of the material can be dominated by the 232 U chain. The parent 232 U undergoes alpha decay into 228 Th (half-life 1.9 a) without significant emission of high-energy gammas.
A list of beta decays in the 228 Th chain is given in Tab. SV. We find that the decay of 100 229 Th nuclei is accompanied by 79 Cherenkov photons emitted by β-electrons in a 1 nm interval near 160 nm.
We then take a look at the gammas emitted along the 228 Th chain; see Tab. SVI. In analogy to the 229 Th decay chain, we estimate the total contribution of conversion and Compton electrons to the Cherenkov background to be at the level of 0.75 and 5.4 photons per nm per 100 228 Th decays. In total, we have N 228 = 0.85 Cherenkov photons emitted in a 1-nm interval near 160 nm for every decay of 228 Th, produced by all its daughters. Assuming t to be much shorter then the half-life of 228 Th, the ratio of Cherenkov photons emitted per iso- mer gamma reads
and takes a value of 0.096 for B = 2%, R = 1, an ingrowth time of t = 100 days, and a contamination of C 232 = 10 ppm.
F. Detector noise
State-of-the-art CCD detectors can be cooled to −100
• C, which reduces the dark noise to a level that is entirely negligible in comparison to the read-out noise of typically less than one electron. Events related to the Table SVII : Summary of the amount of Cherenkov photons created in a 1-nm spectral window centered at 160 nm, originating from beta decay, conversion electrons (CE), and Compton scattering. N is the sum of these three processes.
impact of highly energetic particles (e.g. of cosmic origin or from environmental radioactivity) are the dominant disturbance. A routine to remove such events from the data set is required. We define a parameter Ω = t exp × A, where t exp is the exposure time of a single image and A is the binning area of the CCD chip. The binning area A can be matched to the average area of "cosmic" events. We find that for Ω = 3.3 s × cm 2 , about 5% of all data points are contaminated by "cosmic" events; this value has proven to be a good choice for the detection of small signals. Using this value of Ω, a sub-area of the CCD chip corresponding to a spectral width of 1.0 nm could thus be integrated over 125 seconds. The isomer gamma signal integrated during this time (assuming B = 2 % and R = 1) is comparable to the read-out noise.
G. Measurement time and non-radiative decay probability
Summing over all contributions, the ratio between Cherenkov photons emitted in the 1-nm window at 160 nm and the isomer gammas reads
(S15) Only for entirely unrealistic times t smaller than a few minutes does the decay of 233 U dominate over the two thorium chains, and only for unrealistically low concentrations C 232 < 0.5 ppm does the 229 Th chain dominate over the 228 Th chain. We have thus identified the beta decays in the 232 U contamination as the main source of Cherenkov radiation; refer to Tab. SVII for a summary.
We will now calculate the integration time T it takes for the integrated isomer signal to become comparable to the noise of the Cherenkov background,
or
Taking the detected signal amplitude of Φ γ from Eq. 2 and Eq. S11, R Ch /R γ from Eq. S15, and assuming t = 100 days, C 232 = 10 ppm, B = 2%, and a radiative decay probability of only R = 1%, we obtain a characteristic integration timescale of T = 1.5 days.
The comparatively short measurement time is very promising: the isomer emission can be detected within a few days of measurement time even if only 1% of the isomers undergo radiative de-excitation, or, equivalently, if B was one order of magnitude smaller than expected.
To give a second example, even for R = 10 −3 , a reduced contamination of C 232 = 3 ppm, and a shorter ingrowth time of t = 30 days, the isomer emission could be measured within a few weeks.
Note that, apart from the light throughput of the spectrometer, t and C 232 are the only tunable parameters that have an effect on T . Note also that T is independent of the spectrometer slit width, as the values of N scale approximately linear with the spectral window defined by the slit width. Importantly, T scales as (R × B) −2 .
III. ORIGIN OF THE RADIOLUMINESCENCE FEATURE AROUND 280 NM
The major fraction of 233 U-induced radioluminescence in CaF 2 is radiated between 220 and 360 nm, as shown in Fig. 3 . We will now attempt to identify the kind of radiation that causes this scintillation. There are a number of candidates: Th recoil ions implanted into the crystal, alpha and beta particles, gamma rays, as well as electrons and X-rays from secondary processes. To quantify the individual contributions, we place a commercial CaF 2 crystal (5 mm thickness, 25 mm diameter) in close proximity to a 233 U sample. We insert three different absorbers in between the radiation source and the crystal and record the emission spectrum.
A 3-µm Mylar foil securely absorbs the Th recoil ions, but transmits nearly all of the 4.8-MeV alpha particles (27 µm range) and all of the beta electrons, gamma rays, and X-rays. With this foil in place, we observe a 20% drop in signal amplitude; see Fig. S2 .
We then substitute the Mylar foil by 20 µm of aluminum, which corresponds to the range of alpha particles. The foil transmits 99.4% of all gamma rays at an energy of 30 keV [50] and all of the beta particles in question. The signal drops to 10%, and it drops further to 5.5% as the Al layer thickness is increased to 60 µm.
The measurement suggests that the signal is caused predominantly by alpha particles, with much smaller contributions from recoil nuclei and gammas. This finding is consistent with the fact that more than 99% of the energy deposited into the crystal from radioactive decay of our 233 U source is via alpha particles. Note that the presence of the 232 U chain increases the overall activity, but the partition of the energy released into alpha, beta, and gamma particles is roughly equal to the 233 U chain. To further study the effect of high-energy gamma radiation, we employ a more powerful source: A commercial CaF 2 sample is placed directly into the core of a shutdown TRIGA Mark II reactor, where it is subjected to a massive flux of gamma rays. Alpha and beta particles are shielded by the water surrounding the fuel rods. After 15 hours of exposure, the crystal is quickly transferred into the spectrometer, but no signal resembling the spectrum of Fig. S2 is observed. We conclude that, in absence of crystal contaminations, gamma radiation does not induce noticable long-lived defects.
To complete our studies, we subject the CaF 2 sample to the radiation of a pure alpha emitter. We use a 241 Am source with an activity of 5.5 MBq (kindly pro- vided by M. Fugger, Atominstitut, Vienna), the sample is exposed to this radiation for 45 hours. The penetration depth of the 5.5-MeV alpha particles is estimated to be 15 µm. After an integrated bombardement of 2 × 10 11 alpha particles per cm 2 , no damage or coloring of the crystal is observed, nor is the optical transmission reduced. A measurement of the luminescence spectrum begins 10 minutes after the end of exposure, but no signal of long-lived defects is observed between 120 and 500 nm. A similar experiment with MgF 2 returns the same null result. The radioluminescence of the 233 U-doped crystal poses a considerable background for the detection of the isomer photon. The amplitude and spectrum of the radioluminescence emission depend on the specific crystal, and it might be worthwhile to consider several candidates. The Cherenkov spectrum is expected to be very similar for different types of crystal, as it depends only on the index of refraction (at 160 nm, 1.55 for CaF 2 , 1.47 for MgF 2 ). Only the scintillation induced by massive particles (alpha particles and recoiling ions) is expected to depend heavily on the specific crystal structure.
To assess the response of MgF 2 to the alpha decay, we attach the 233 U layer to a MgF 2 specimen, just as we had done before with a CaF 2 crystal. The radioluminescence spectrum is shown in Fig. S3 , where the amplitude can be compared directly to the CaF 2 spectrum of Fig. S2 . The pronounced feature around 300 nm is missing, but instead, we observe a peak around 410 nm. The amplitude of this peak is only about 3% of the dominant peak in CaF 2 . This drastic reduction in luminescence, appearing only at higher wavelengths, might be tempting for experiments with insufficient spectral resolution, e.g. using photomultiplier tubes (PMTs).
Crystals made up of light atoms (e.g. LiF, MgF 2 ) are the preferred choice when X-rays are involved, as the X-ray absorption increases drastically with mass number. As an example, the mass attenuation coefficient of MgF 2 is 3.6-times smaller compared to CaF 2 for X-rays of 29 keV energy [50] .
While uranium-doping of LiF has been reported [52] , we are not aware of any attempts to grow U:MgF 2 crystals. Measuring the doping efficiency of uranium into MgF 2 is the next step in the assessment of such crystals.
